Since the distribution of substances between various cerebrospinal fluid (CSF) compartments is poorly understood, we studied 3 H-inulin distribution, over time, after its injection into cisterna magna (CM) or lateral ventricle (LV) or cisterna corporis callosi (CCC) in dogs.
Introduction
The knowledge of the distribution of drugs injected into the cerebrospinal fluid (CSF) is of clinical interest for prediction of their passage and potential therapeutic effect in adjacent nervous parenchyma (Shapiro et al., 1975; Kimelberg et al., 1978) . When penicillin was injected into cisterna magna (CM) of dogs, it was well distributed to adjacent cisterna basalis (CB) where pulsations of large brain vessels are prominent, while only its traces were present in lumbar subarachnoid space (LSS), cortical subarachnoid space (CSS) and lateral brain ventricle (LV) under control conditions (Vladić et al., 2000) . However, when active transport of penicillin into cerebral capillaries was blocked by probenecid, its distribution from CM to other CSF compartments greatly increased (Vladić et al., 2000) . This indicates that the rate of the removal of substances into capillaries of the central nervous system (CNS) is instrumental in the substance distribution between various CSF compartments (Vladić et al., 2000; Strikić et al., 1994; Zmajević et al., 2002) .
Since the distribution of substances in CSF is poorly understood, we studied the inulin distribution between various CSF compartments after its injection in CM or LV, or cisterna corporis callosi (CCC) in dogs. Inulin is a relatively large molecule (m.w. 5,500) which poorly diffuses across the blood-brain barrier (Crone, 1963) . However, inulin passes easily from CSF into CNS parenchyma (Kimelberg et al., 1978) , and it is used as a marker of the CNS extracellular space, i.e. "inulin space" (Levin et al., 1970) . Due to the poor passage of inulin across the capillary walls in CNS, it is expected that its distribution between CSF compartments should be efficient.
• Abbreviations: CB, cisterna basalis; CCC, cisterna corporis callosi; CM, cisterna magna; CNS, central nervous system; CSF, cerebrospinal fluid; CSS, cortical subarachnoid space;
• 5 LSS, lumbar subarachnoid space; LV, lateral ventricle; SEM, standard error of the mean; SSS, superior sagittal sinus. Table 1 shows that the total volume of all brain ventricles measured in 3 dogs is 5.1 ml, while volumes of lateral ventricles, the third ventricle and the fourth ventricle are 3.8 ml, 0.5 ml and 0.8 ml, respectively. Thus, it appears that lateral ventricles contain about 75% of the total CSF volume in ventricles, while CSF volumes of the third and the fourth ventricle are relatively small. The length and the diameter of lateral ventricle (anterior horn, middle part and inferior horn) are shown in Table 2 . It is seen that the length of lateral ventricle from the tip of anterior horn to the tip of inferior horn is 6.4 cm, while diameters at indicated points in anterior horn, middle part and inferior horn are 0.6 cm, 0.8 cm and 0.8 cm, respectively. The diameter of interventricular foramen (Monro) is 0.4 cm, while lengths of the third ventricle and cerebral aqueduct (Sylvius) are 1.8 and 1.2 cm, respectively. The length of the fourth ventricle is 2.6 cm, while its width and height at the level of colliculus facialis were 1.2 cm and 0.8 cm, respectively.
Results
6 Distances between some subarachnoid spaces are shown in Table 2 . The distance between CM and CB is 6.4 cm, while the distance from CM to CCC (via cisterna ambiens either by brain convexity or brain base) is about 8-9 cm. The distance between CM and lumbar CSF at the level of the fifth lumbar vertebra is very long, i.e. 69,3 cm.
One and an half hour after the injection into CM a relatively high concentration of H-inulin in arterial plasma, venous plasma of superior sagittal sinus and urine at 3 and 7 hours after its injection into CCC (see Fig. 3 ).
Concentrations of 3
H-inulin in arterial and sinus plasma at 3 and 7 hours did not differ significantly (p>0.05) and were somewhat lower than after cisternal injection of
Discussion

Mechanism of substances distribution in CSF and CNS
Three processes can contribute to the distribution of substances throughout various compartments of body fluids: diffusion, unidirectional fluid volume flow (circulation) and mixing by currents within body fluids (Riggs, 1972) . Since diffusion is a very slow process, it cannot contribute significantly to substance distribution, if diffusion distances between fluid compartments are long. It was calculated by Riggs (1972) that for the diffusion of nitrogen in water at 20 °C along distances 0.001, 0.01, 0.1 and 1.0 cm, the time required for reaching 95% equilibrium is 6.3 sec, 630 sec (11 min), 63,000 sec (18 hr) and 6,300,000 sec (73 days), respectively. Namely, the time required for the diffusion process to attain any specified fraction of its final equilibrium concentration increases with the square of the distance over which the diffusion occurs (Riggs, 1972) . Thus, a tenfold increase in the diffusion distance means that the diffusion process will require 100 times longer to reach a given degree of completion.
In our dogs the distance between CM and LV (tip of inferior horn) is about 10 cm, between CM and CCC (via cisterna ambiens) is about 8-9 cm and between CM and lumbar (fifth lumbar vertebra) CSF is about 70 cm (Table 2) . Such long distances between various CSF compartments in dogs indicate that the diffusion of substances between them is not a relevant process. On the other hand, classical concept of the distribution of substances by unidirectional CSF flow (circulation) along CSF spaces should be critically analyzed (see below).
Several factors could influence concentration and distribution of inulin along CSF spaces during time such as systolic-diastolic displacement of CSF volume and its mixing, the passage of inulin from CSF into CNS and its elimination into bloodstream. The distribution of substances by stirring and mixing of CSF is due to respiratory and systolic-diastolic changes of CSF pressure with to-and-fro displacement of CSF volume. This dislocation and mixing of CSF seems to be brought about in the first place by distensibility of the spinal dura (Martins et al., 1972) and compressibility and emptying of veins in spinal and cranial cavities (Foltz, 1984) . NM imaging suggests that during systolic brain expansion an almost simultaneous craniocaudal CSF displacement occurs, while during diastole a caudocranial dislocation of CSF appears due to the recoil of CSF displaced in spinal region (Feinberg and Mark, 1987; Enzmann and Pelc, 1991) . These to-and-fro displacements of CSF should cause mixing of CSF and bidirectional distribution of substances between the CSF compartments (Vladić et al., 2000) .
An important factor in the distribution of substances between the CSF compartments is physical activity. It was shown in dogs that the distribution of substances in CSF is much better in free moving than in anaesthetized animals (Vladić and Bulat, 1988) . For this reason in the present experiments 3 H-inulin was injected into CSF in short ether anesthesia and thereafter the animals woke up continuing normal physical activity.
Dynamics of the distribution of 3 H-inulin along CSF spaces over time should be also affected by its rate of passage from CSF into adjacent nervous parenchyma and elimination into capillaries. It seems that the distribution of substances from CSF into nervous extracellular space is controlled by systolic-diastolic pulse pressure and mixing of perivascular fluid. It was shown by Rennels et al. (1985) that after horseradish peroxidase (HRP; m.w. 40,000) was infused into lateral ventricle or cisterna magna during 4-10 min in cats and dogs under normal CSF pressure, it was distributed in perivascular (Virchow-Robin) spaces of whole brain parenchyma so that all blood vessels including capillaries were outlined. This rapid perivascular distribution of HRP in the brain can be prevented by stopping or diminishing the pulsations of cerebral arteries by aortic occlusion or by partial ligation of the brachiocephalic artery (Rennels et al., 1985) . Thus, the pulse pressure in CSF and parenchyma (DiRocco, 1984) should be instrumental in rapid perivascular distribution of substances from CSF but not a slow diffusional process (Rennels et al., 1985) . Furthermore, when HRP and some other substances are infused into brain parenchyma, they are distributed along the perivascular spaces (Cserr, 1984; Hadaczek et al., 2006) and pass into CSF (Cserr, 1984) . Nonrestricted passage of organic acids between nervous parenchyma and CSF (Bulat and Živković, 1971; and in the opposite direction (Zmajević et al., 2002 ) was also demonstrated.
Since inulin passes easily from CSF into extracellular space of brain, it is often used as a marker of extracellular space, the so-called "inulin space" (Levin et al., 1970) . After application in CSF,
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C-inulin and methotrexate are distributed in the whole brain parenchyma and over time their concentrations tend to equilibrate between these two compartments (Kimelberg et al., 1978) . Thus, in our experiments 3 H-inulin applied in CSF should rapidly enter perivascular spaces of nervous parenchyma and reach large surface of capillaries. Since inulin diffuses slowly across the blood-brain barrier (Crone, 1963) , its passage in the opposite direction, i.e. across the brain-blood barrier, should be a similar diffusional process. However, since capillary surface area is very large, the elimination of inulin into the bloodstream over time could be considerable. Crone (1963) estimated that the surface area of cerebral capillaries is 240 cm 2 /g. Taking the brain weight 88 g for dogs (Levin et al., 1970) , the calculated capillary surface area would be 21,120 cm 2 . To this value, an unknown capillary surface area of spinal cord should be added. On the other hand, the surface area of arachnoid villi and perineural sheets of cranial and spinal nerves is not known but we assume that is not higher than 10 cm 2 so that the elimination of inulin from CSF via those surface areas is probably very limited under normal CSF pressure (see below).
Distribution of 3 H-inulin between CSF compartments
During first 3 hours after the injection of 3 H-inulin in CM, its concentration in CB was higher than in other CSF compartments indicating a good stirring and mixing of CSF between these adjacent CSF compartments due to the pulsation of large arteries (internal carotid arteries, basilar artery) at the base of brain (Fig. 1) . From 3 to 7 hours concentrations of H-inulin in all CSF compartments from 7 to 24 hours ( Fig. 1) is explained by its passage from CSF into nervous parenchyma and elimination into microvessels (see above).
Three hours after the injection into right LV (R-LV) 3 H-inulin was well distributed to CM and CB, somewhat less to left LV (L-LV) and CSS, while its distribution to LSS was very low (Fig. 2) . Between 7 and 12 hours place. This is supported by the observation that 3 H-inulin is distributed not only from LV to CM (Fig. 2) but also from CM to LV (Fig. 1) . Furthermore, 3 H-inulin is distributed from CM to CSS (Fig. 1) but also in the opposite direction, i.e. from CSS to CM (Bulat et al., 2008) . All this evidence indicate that the bidirectional distribution of substances such as macromolecule inulin, between the CSF compartments is due to the pulsation of CSF and to-and-fro displacements and mixing of CSF volume.
Efficient distribution of 3
H-inulin from LV to subarachnoid spaces (Fig. 2) could be explained by large CSF pulsations in brain ventricles (Bering, 1955 H-inulin in R-LV (Fig. 2) and CM ( Fig. 1) are presented on semi-log scale from 3 to 12 hours after their injection (Fig 6.) , they show practically the same kinetics with the half-times of 3 hours. This indicates that CSF pulsations in these CSF compartments are prominent and efficacious in the distribution of concentrations in LV and LSS were very low (Fig. 3) .
Absorption of 3 H-inulin from CSF into blood
Since it is usually assumed that CSF is drained into superior sagittal sinus (SSS) (Davson et al., 1987; Brodbelt and Stoodley, 2007) , we measured sinus and arterial plasma at 3 and 7 hr were low and similar while its excretion into urine was high (Fig. 5) . At 7 hr the concentration of 3 H-inulin in the plasma of superior cerebral vein, which drains into SSS, was similar to those in sinus and arterial plasma (Fig. 5 ).
It should be mentioned that during the infusion of radioiodinated serum albumin (RISA) into CSF no difference of its concentration could be detected between sinus and arterial blood in rabbits and cats, suggesting that no preferential absorption of RISA from CSF into SSS takes place (McComb et al., 1982; McComb et al., 1984) . Our experiments support such a conclusion for the absorption of 3 H-inulin from CSF into bloodstream (Fig. 4 and 5 ).
As discussed above, inulin should enter rapidly into perivascular spaces of brain parenchyma from CSF and reach capillaries which have great surface area and diffuse slowly into the bloodstream across capillary walls. The concentration of cervical lymph nodes, while in animals with RISA infusion at normal CSF pressure only its traces were detected in mentioned structures.
In our experiments before the injection of small volumes of 3 H-inulin solution into CSF, the same volume of CSF was removed so that significant changes of CSF pressure were not expected. Since in anaesthetized animals distribution of substances along CSF spaces is greatly retarded (Vladić and Bulat, 1988 ), in our experiments 3 H-inulin injection into CSF was performed in short ether anesthesia and thereafter the animals woke up and continued normal physical activity. Taking mentioned precautions in our experiments, we assume that the distribution of 3 H-inulin in CSF and its absorption into the bloodstream was performed under reasonable physiological conditions.
It seems that the extent of the distribution of various substances along CSF spaces is determined by the rate of their elimination into CNS capillaries. As already mentioned, organic acids (e.g. penicillin, 5-hydroxyindoleacetic acid, phenolsulphonphtalein) show limited distribution along CSF space because they enter adjacent CNS parenchyma and are rapidly eliminated into capillaries by powerful active transport. However, when this active transport is blocked competitively by probenecid, residence time of organic acids in CNS and CSF is greatly increased so that their distribution over time to all CSF compartments is greatly enhanced (Vladić et al., 2000; Strikić et al., 1994; Zmajević et al., 2002) . This clearly shows the important role of capillaries in the elimination of substances from interstial fluid and CSF and in the distribution of substances between CNS and CSF compartments.
Of special interest is the fate of water in CSF and interstial fluid since water constitutes 99% of their volume. When 3 H-water does not reach CM from LV (Bulat et al., 2008) . Furthermore, when aqueduct of Sylvius is occluded in cats, the CSF pressures in isolated ventricles and CM remain equal over several hours of measurement, i.e. without the development of transmantle pressure gradient (M. Klarica, unpublished observation). In addition, it was shown in patients with communicating and noncommunicating hydrocephalus that CSF pressures in LV and CSS were equal (Stephensen et al., 2002) , and that after the obstruction of shunt in some children with noncommunicating hydrocephalus, the progression of hydrocephalus does not take place (Holtzer and de Lange, 1973) . All this evidence indicates that CSF formation and absorption within ventricle are in balance. A recent hypothesis (Bulat and Klarica, 2005) claims that during water filtration in arterial capillaries under high hydrostatic pressure, the plasma osmolytes are sieved (retained) so that an osmotic counterpressure is generated, which rises along capillary until it reaches at a point the level of capillary hydrostatic pressure so that water filtration is halted. When such hyperosmolar plasma is delivered to venous capillaries and postcapillary venule where hydrostatic pressure is low, the osmotic absorption of water from interstitium occurs, which leads to the normalization of plasma osmolarity (Bulat and Klarica, 2005) . In such a way, a rapid turnover of water volume between capillaries and interstial fluid, including CSF, takes place (Bulat et al., 2008; Bulat and Klarica, 2005) .
In conclusion, the analysis of our results and data from literature suggest that
Experimental procedures
Experiments in vivo and post mortem were performed on adult mongrel dogs ( (Vladić et al., 2000) .
After the sampling of CSF from CCC, LV and CB a few drops of Evans blue were applied to mark positions of the cannulas. The CSF from CM was obtained by its transcutaneous puncture. For the sampling of CSF from LSS, a steel cannula was introduced along the anterior part of processus spinosus of the fifth lumbar vertebrae into lumbar subarachnoid space (Parker, 1972) .
In animals with the injection of 
4.2.Experiments post mortem
Since we were not able to find in literature data about the volume of brain ventricles and distances between various CSF compartments, we measured them in dogs post mortem. For measurement of the volume of brain ventricles, the dog was anaesthetized by thiopenton sodium (45 mg/kg i.p.), the head was fixed in stereotaxic frame and stainless steel cannulas (Table 1) .
For the measurement of distances between the CSF compartments, the animal was anaesthetized by thiopenton, right carotid artery was cannulated and left carotid artery occluded, while both jugular veins were completely cut to induce free bleeding. At the same time brain perfusion through right carotid artery was started with 200 ml of physiological saline, thereafter with 200 ml of 70% of ethanol and 500 ml of 10% formalin solution under the pressure of 100 mmHg. One hour after the brain perfusion, the cerebral tissue was hardened and the brain was removed from the cranial cavity. Distances between cerebral cisterns were measured by a flexible plastic tubing, while the distance between CM and spinous process of fifth lumbar vertebra was measured over the skin of the animal. Thereafter, the brain ventricles were opened to measure some of their anatomical dimensions (Table 2 ).
